Radiological skills including ultrasonography and fluoroscopy, require a combination of manual dexterity and visuospatial skill to develop competency. The ability to detect veterinary students with an interest in radiology but who are deficient in these skills, may permit more individual adaptations to training programs, allowing for students training in radiology to achieve maximal potential. The objective of this cohort study was to investigate whether innate dexterity and visuospatial skill could be used to predict performance of basic ultrasound and fluoroscopic skills in veterinary students. Fifty veterinary students from the Ontario Veterinary College completed three tests of visuospatial ability, two tests of manual dexterity, a three-dimensional mouse task, an ultrasound skill-testing task, and a fluoroscopic skill-testing task. Students who reported chopstick use completed the non-dominant hand ultrasound task significantly faster than students who did not (P = 0.001). There was a significant positive association between scores on the Mental Rotations Test and time to complete the non-dominant hand ultrasound task (P = 0.011) and fluoroscopy task (P = 0.029). No variables were associated with time to complete the dominant hand ultrasound task. The results of this study suggest that visuospatial skill, as assessed by the Mental Rotations Test, is a better predictor of baseline ultrasound and endovascular fluoroscopy skill than dexterity, with the exception of reported chopstick use, in veterinary students. Visuospatial skills can be developed and may be useful to include in the veterinary curriculum for students that are deficient, or students entering a field such as diagnostic imaging.
assessed with veterinary students, and may be important to determine, to see if women would benefit from visuospatial skill training, similar to that reported for engineering students. 18 The purpose of this study was to determine if manual dexterity and visuospatial aptitude can be used to predict baseline technical performance of a simulated ultrasound-guided cystocentesis task and simulated endovascular fluoroscopy task in veterinary students. It was hypothesized that performance on psychomotor and visuospatial assessments would predict baseline ultrasound and fluoroscopic skill in veterinary students.
METHODS
The study was conducted using a cohort design. Ethics approval for this study was obtained by the University of Guelph Research Ethics Board (REB#16MY015). Consent was received from all participants via an information and consent form distributed online using commercially available survey software (Qualtrics, Provo, UT).
Veterinary students of the Ontario Veterinary College (n = 50) were recruited via email for voluntary participation in this study.
Participants began by completing an hour-long online questionnaire (Qualtrics, Provo, UT) (Supporting Information I) prior to testing. This questionnaire was used to gather demographic information (sex, age, handedness), information regarding previous experience with tasks perceived to require dexterity and visuospatial skill (playing video games, sports, and musical instruments, and the use of chopsticks), as well as whether the participant had previously sustained any general neuromuscular injuries.
Visuospatial tests
Three validated tests designed to assess visuospatial aptitude were used in this study. These tests were the Purdue Visualization of Rotations Test, the Mental Rotations Test, and the Raven's Advanced Progressive Matrices Test. [19] [20] [21] [22] [23] Students were required to answer questions in a given time limit. Answers were recorded electronically by Qualtrics software (Qualtrics, Provo, UT) and scored by two researchers (J.K., M.M.) with reference to the published answer keys. [19] [20] [21] [22] [23] 
Purdue visualization of rotations test
The Purdue Visualization of Rotations Test 19 ( Figure 1 ) consisted of 20 questions that required the student to complete three concurrent tasks to obtain the correct answer. First, the student was presented with a depiction of a three-dimensional object viewed in two different orientations and had to analyze the rotation of the object. The participant had to then rotate a second object in the same manner as the first.
Finally, the individual had to select the image that corresponded to the correct rotation of the second object among five possible options.
Participants were allotted 10 min to complete the test, to restrict analytical processing, with one mark being awarded for each correct answer, and with no penalties for incomplete or incorrect responses.
F I G U R E 1
The seventh question of the Purdue Visualization of Rotations Test. The participant was instructed to rotate the third object in the same manner as the first and select the correct outcome from those listed below. The correct answer to this question is (B)
Participants' attempts were scored out of 20 possible points and presented in aggregate form as percentages. 19 
Mental rotations test
The Mental Rotations Test [20] [21] [22] ( Figure 2 ) consisted of 20 questions.
In each question, the participant was given a two-dimensional representation of a three-dimensional shape and was tasked with choosing which two of the following four shapes correspond to the same shape viewed from a different angle. The participants were allotted 6 min to complete this section of the test. One mark was awarded for each correct choice of view, allowing for the participant to score 2 marks per question, with no penalty for an incomplete or incorrect response.
Participants were scored out of 40 possible points and results were presented in aggregate form as percentages.
Raven's advanced progressive matrices test
The Raven's Advanced Progressive Matrices Test 23 ( Figure 3 ) consisted of 12 questions. Participants were required to complete a patterning task in order to determine which object correctly completed the 3 by 3 pattern matrix with one of the nine squares removed from eight possible answers. Participants were allotted 12 min to complete the test with one mark being awarded for each correct answer and no penalty for incomplete or incorrect responses. Participants were scored out of 12 possible points and results were presented in aggregate form as percentages.
Manual dexterity tests
Manual dexterity tests were completed over 1 h-long sessions along with the three-dimensional mouse proficiency test, ultrasound, and fluoroscopy skill assessments. During the sessions, participants were asked to complete two validated tasks to assess innate dexterity, which were the Grooved Pegboard, [24] [25] [26] and direct and indirect zigzag tracking tests. 27 Each task was performed once with the non-dominant hand and once with the dominant hand. The goal of each exercise was to complete the task as quickly as possible while making controlled
The first question of the Mental Rotations Test. The participant was required to determine which two of the four latter objects were identical to the first object from a different angle. The correct answer is both (A) and (C)
The first question of the Raven's Advanced Progressive Matrices test. The task required the participant to discover the pattern presented by the first two rows to decide which of the following 8 options correctly completed the final row. The correct answer to this question is (G) movements. Participants were timed by one of the three researchers (J.K., M.M., M.W.). These two tasks, along with the three-dimensional mouse proficiency test, ultrasound skill assessment, and fluoroscopy skill assessment tests, were performed in a randomized order determined using an online random sequence generator (random.org) for each individual participant.
Grooved pegboard
The Grooved Pegboard task is a validated task for evaluation of dexterity. [24] [25] [26] The 
Zigzag tracking task
The zigzag tracking task required participants to trace a line through a previously validated zigzagging maze that contained circular obstacles throughout ( Figure 5 ). 27 Participants were given a different maze for both dominant and non-dominant hands under two conditions, direct and indirect visualization. Direct visualization was accomplished by observing the paper on the tabletop while indirect visualization was accomplished by observing the paper through an image produced by a projector (Sanyo, Osaka, Japan). During the indirect task, participants
were not allowed to look down directly at the maze. Both the hand and task order were randomized for each participant. 
F I G U R E 5
One maze used in the Zigzag Tracking Test. The participants were required to draw a path through the maze as quickly as possible while attempting to remain within the grey lines and avoid the black circles. This was performed directly, while looking at the paper, and indirectly, while looking at a projected image of the maze on the wall 
Mixed manual dexterity and visuospatial test 2.3.1 Mouse proficiency test
The three-dimensional mouse proficiency test uses proprietary software to assess proficiency with the use of the three-dimensional mouse (3DxWare 10, 3Dconnexion Spacemouse, part of SpacePilot Pro device, 3Dconnexion, Boston, MA) ( Figure 6A ). 28, 29 This task requires the participant to use the three-dimensional mouse to rotate and maneuver an object in a three-dimensional environment represented on a two-dimensional screen (ASUS N56V laptop, Asus, Taipei, Taiwan) with a final goal of overlaying the object on a silhouette of itself ( Figure 6B ). This task is performed once with each hand. The task has three portions of increasing difficulty and is scored using the cumulative time required to complete the three tasks. Before undertaking the task the participant is run through a short training module describing which movements of the mouse correspond to the various planes of the simulated three-dimensional environment. Time began when participants clicked "start" and ended when the last image was successfully overlaid on the silhouette of itself. This task had no time limit.
Ultrasound skill assessment 2.4.1 Cystocentesis model
Ultrasound technique was assessed using a canine bladder cysto- . The water-filled cavity is easily found and visualized using ultrasound ( Figure 7A ).
Prior to arriving at the testing center, participants watched a short video (https://www.youtube.com/watch?v=xIahxBC6F5M&feature= youtu.be) describing the use of an ultrasound machine and providing instructions on how to complete the ultrasound-guided cystocentesis task. Participants were required to visualize the fluid-filled cavity using an ultrasound machine (LOGIQ e, GE Healthcare, Milwaukee, WI) and a 4-10 MHz microconvex transducer (8C-RS, GE Healthcare) using a standard abdomen setting. They were tasked with passage of the needle into the model, identifying the needle on the screen, and aspirating 1 mL of water. This task was repeated three times with each hand (order randomized) and the transducer removed from the model between each attempt. "Non-dominant hand ultrasound task" was used to describe the task when the transducer was held in the non-dominant hand, and "dominant hand ultrasound task" described the task when the tranducer was held in the dominant hand. Participants were timed by researchers (J.K., M.M., M.W.) beginning when the needle made contact with the model until the participant claimed they could see the needle tip and was verified by the researcher, and overall time until 1 mL of water was aspirated and the needle was removed.
Scores were reported as time in seconds and only overall time was averaged and include in statistical analyses. There was no time limit to complete this task.
Fluoroscopic skill assessment 2.5.1 Endovascular fluoroscopy model
Fluoroscopic-like guidewire passage ability was assessed using an unvalidated endovascular fluoroscopy model (Ontario Veterinary 
STATISTICAL ANALYSIS

RESULTS
Descriptive statistics of the answers from the participant survey (Supporting Information I) are summarized in Table 1 . A cohort of 50 veterinary students (years 1-4) from the Ontario Veterinary College volunteered to participate in this study. Data from five participants were removed due to incomplete surveys. Therefore, data from a total of 45 participants were included in the final analysis. With respect to ultrasound experience, 16 students reported previous experience using an ultrasound machine, 28 students reported they had only observed the use of an ultrasound machine, and one student reported no experience with ultrasound ( Table 1) . None of the participants had previous direct experience with fluoroscopy, 16 students reported they had only observed the use of fluoroscopy, and 29 students reported no previous experience with fluoroscopy (Table 1) . Most participants were right-handed (96%) and female (64%), and the age of participants ranged from 20 to 31 ( Table 1 ). The total time required to complete the online questionnaire including demographics, nonmedical experiences, and visuospatial tests was approximately 1 h.
Variables included in the final multivariable model for the dominant hand (transducer in the dominant hand) ultrasound guided cystocentesis task, were three-dimensional mouse task (dominant and non-dominant hand), Grooved Pegboard score (dominant and nondominant hand), and age (Table 2) , determined by being a dependent variable with a P-value < 0.2. A positive association between the three-dimensional mouse task score (dominant hand) and time to complete the cystocentesis task (dominant hand) approached significance (P = 0.077). No other variables were associated with time to complete the dominant hand ultrasound-guided cystocentesis task. (Table 5 ).
TA B L E 1
There is no significant difference between non-dominant hand (mean 17.9 s, standard deviation 12.0 s) and dominant hand (mean 16.6 s, standard deviation 15.61 s) ultrasound task times (P = 0.1417).
There are no significant differences (P = 0.1604) between the sexes for the ultrasound task times or the fluoroscopy task times.
DISCUSSION
The results of this study suggest that innate visuospatial skill, as assessed using the Mental Rotations Test, [20] [21] [22] could influence how veterinary students demonstrate basic ultrasound and fluoroscopy skills. The association of visuospatial aptitude and basic ultrasound skill has been previously reported with human medicine in regards to ultrasound-guided regional anesthesia. 27 In this study, the Block design Test, a validated visuospatial construction test, correlated strongly with ultrasound task scores. The mental rotation test, as used in our study, assesses a component of visuospatial construction, and is partially correlated with ability as measured by visuospatial constructive tests such as the Block Design Test. 30 It is interesting to note that both of these visuospatial assessment tests correlated with each of the reported ultrasound tasks, however, a direct comparison cannot be made since the tests do differ. Results from the Smith et al. study 27 and the present study suggest that visuospatial aptitude is a better predictor of ultrasound performance than dexterity or psychomotor ability.
The Mental Rotations Test was significantly associated with the non-dominant hand ultrasound task, as was the reported use of chopsticks. It is assumed that chopstick use was performed with the dominant hand, as this was not specifically asked in the survey. Reported chopstick use was found in a previous study as the only factor to correlate with baseline laparoscopic surgery skills. 31 In that study, it was thought that fine motor movements and understanding the fulcrum effect translated into better laparoscopic skills, however, since this was self-reported, it may have introduced a bias as this was not specifically tested. Reported chopstick use has been correlated with a dexterity test termed the moving beans test, but no such correlation was found with the Purdue pegboard. 32 This would imply that chopstick use, which is a learned skill, may help improve dexterity. However, since chopstick use did not correlate with the Purdue pegboard, perhaps prior use will not help with all types of dexterity, only those similar to chopstick use. the number of needle passes for an ultrasound-guided procedure in phantom models. This study reported that when the ultrasound transducer was held in the non-dominant hand, time and mistakes were significantly decreased. 33 Our study found no significant differences between the non-dominant hand and dominant hand ultrasound task times overall. However, since visuospatial skills correlate with ultrasound task times when the non-dominant hand holds the transducer, perhaps this skill can be improved, by improving visuospatial skills.
The Mental Rotations Test was found to correlate with the endovascular fluoroscopy task times, suggesting that visuospatial skills are important for this task. A previous study reported significant associations between student videogame experience and manual dexterity, and their ability to complete a simulated renal artery cannulation task. 4 A second study found correlations between standard visuospatial tests (Card Rotations, Paper Folding, and Perspective Taking) and performance with virtual angled laparoscopy. 34 Taken with our study, this would suggest that visuospatial ability is important when veterinary students are learning new tasks where they direct instruments in a three-dimensional environment by watching a two-dimensional video screen. This would imply that if visuospatial skills can be improved or learned, then perhaps student training will be easier or faster, or those students with reduced skills can brought up to speed with other students, solely by improving their visuospatial skills.
As not all students possess the same degree of innate visuospatial skills, they may struggle at the time of ultrasound training. 33 Visuospatial skill may be tested for using validated tests, such as the Mental Rotations Test, and can identify students who may require additional training. 33 It has been demonstrated that visuospatial skills can be developed through practice, and special courses or training sessions for students with weak visuospatial skills is effective in developing these skills. 18, 35 It may be important to include assignments with visuospatial demands early in the curriculum, to ensure students have developed an appropriate skill set toward the end of their program and ongoing in their careers. Such learning can be accomplished through drawing or sketching of hand-held models, which has been found to more effective than using three-dimensional models on a computer to develop visuospatial skills. 18 This may be important to not only help students with ultrasound and fluoroscopy tasks, but interpretation of radiographs where visuospatial skills are needed to interpret a two-dimensional image of a three-dimensional patient. 36 This could also be important for diagnostic imaging resident training, where visuopspatial skills are also important for interpretation of twodimensional datasets such as computed tomography and magnetic resonance images.
Historically it has been found that female students lag significantly behind their male counterparts in spatial ability in the STEM disciplines (science, technology, engineering, mathematics), particularly with three-dimensional rotations. 18 This could be extremely important as today's veterinary classes are predominantly composed of women.
The present study reveals that there were no significant differences between males and females of visuospatial testing scores or their performance on the ultrasound and fluoroscopy tasks. Differences in spatial ability between males and females has been postulated to be due to a male sex hormone, 37 or environmental factors. 38 Perhaps societal changes have resulted in a more balanced visuospatial skill set between the sexes, possibly related to advanced computers, smart phones, or video games leveling the playing field. This could also be a type II statistical error, and more students would need to be assessed in veterinary medicine to determine if there is a true difference of visuospatial ability between the sexes.
Testing with the three-dimensional mouse of the dominant hand was trending to be associated with the dominant hand ultrasound task, and approached significance (P = 0.077). This may indicate there could be an association, potentially if a larger study population was tested.
This test is not validated, but is suspected to assess both visuospatial and dexterity skills. Further testing using this device would be needed.
It is surprising that reported video game use did not correlate with the ultrasound and fluoroscopy tasks. This was also found in previous studies assessing correlation with laparoscopy skills. 31, 39 Perhaps computer or smart phone use with the new generation of students has resulted in improved hand-eye coordination, negating any correlation of video game use to the tasks in the present study.
The authors acknowledge some limitations to this study. Some participants noted than the lengthy pretrial survey made it difficult to focus on the visuospatial tests. It is therefore possible that test scores underestimate the true visuospatial aptitude of the students. This could also explain why only one of the visuospatial tests, the Mental Rotations Test, correlated significantly with anything, and the other tests did not. In the future, it may be beneficial to have the visuospatial tests at the beginning of the survey or to allow time for a break during the survey. Both the ultrasound cystocentesis model and the endovascular fluoroscopy model are not validated models, and are designed to teach basic level skills to beginners. It is possible that these basic skills were easily performed by some students and did not require significant visuospatial or manual dexterity skills to perform.
In summary, innate visuospatial abilities, as assessed by the Mental Rotations Test, are associated with faster ultrasound procedural skill and fluoroscopic skill by novice veterinary students. Reported chopstick use, an assessment of dexterity, is also associated with faster ultrasound skill while using the non-dominant hand on the ultrasound transducer and the dominant hand on the needle for cystocentesis.
Visuospatial skills can be learned, and perhaps visuospatial skill assessment and training should be added to the veterinary radiology curriculum to ensure those students with lower visuospatial skills are given extra training or practice, and those with higher skills are allowed to develop more advanced skills. This type of training could include sketching of three-dimensional objects. Further research is required to determine if innate dexterity and visuospatial skills can be improved in veterinary medicine students through training, and if these skills can be transferred to achieve greater success in a diagnostic imaging curriculum. 
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